IKKe Signaling: Not Just NF-kB IkB kinases (IKKs) are key components of NF-kB signaling pathways in innate immunity and inflammation. Surprisingly, three recent reports implicate IKKs in Drosophila in seemingly unrelated functions, including non-apoptotic caspase activation and cytoskeleton organization.
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NF-kB transcription factors are kept inactive by cytoplasmic sequestration through complex formation with inhibitory IkB proteins [1] . NF-kB stimulation -for example initiated by Toll-like receptors in innate immunity or in response to proinflammatory cytokines such as TNFa -requires dissociation of the NF-kB/IkB complex. IkB kinases (IKKs) were initially identified as a high-molecular weight complex capable of site-specific phosphorylation of IkB-a [2] . This phosphorylation triggers ubiquitin-mediated degradation of IkB-a, and the release of NF-kB transcription factors, which translocate into the nucleus [2] . Subsequent analysis identified two catalytic subunits (IKKa and IKKb) and a structural component of this complex (IKKg/NEMO). While the IKKa/b/g complex is required for NF-kB activation in response to most NF-kB inducers, the role of two related kinases known as IKKe/IKKi and TBK1/NAK/T2K is less clear.
In Drosophila, two independent immune signaling pathways control the activity of distinct NF-kB-like proteins [3] . While the Toll/anti-fungal pathway requires Dorsal and Dif, the IMD/anti-bacterial pathway leads to activation of Relish [3] . Dorsal and Dif are rendered cytoplasmic in complex with the only IkB-like protein, termed Cactus. Phosphorylation of Cactus is required for its degradation [4] [5] [6] , but the responsible kinase has not been identified. The Drosophila genome encodes two IKK genes. DmIKKb (or DLAK) is most similar to human IKKb, and is involved in Relish activation [7] . That leaves the second Drosophila IKK, DmIKKe (also known as Ik2), as a candidate for the Cactus kinase. However, recent reports [8, 9] , including one in this issue of Current Biology [10] , rule out a function of DmIKKe as Cactus kinase. Instead, DmIKKe modulates caspases for a non-apoptotic function and controls both actin and microtubule cytoskeletons.
DmIKKe as a Negative Regulator of Diap1 Protein Stability As in vertebrates, apoptosis in Drosophila is triggered by activation of caspases, a highly specialized class of cell death proteases. In surviving cells, caspases are kept inactive through complex formation with inhibitor of apoptosis proteins (IAPs), most notably Drosophila IAP1 (Diap1) [11] . In response to cell death-inducing signals, pro-apoptotic proteins such as Reaper stimulate the ubiquitylation and degradation of Diap1, releasing caspases from IAP inhibition and triggering apoptosis [11] . Interestingly, the recent paper by Kuranaga et al. [9] identifies mutations in DmIKKe as dominant suppressors of Reaper-induced cell death [9] . Subsequent analysis showed that loss of DmIKKe increases the stability of the Diap1 protein, providing an explanation for the observed suppression of Reaper-induced apoptosis [9] . These observations suggest that wild-type DmIKKe destabilizes Diap1, leading to Caspase activation, a conclusion which was confirmed in cell culture experiments and in transgenic flies.
Destabilization of Diap1 appears to be the result of phosphorylation by DmIKKe. Interestingly, human TBK1/NAK/ T2K was able to promote phosphorylation and degradation of human XIAP [9] , suggesting conservation of IKKe-mediated control of IAP stability. DmIKKe-mediated Diap1 degradation is independent of Reaper. Overexpression of DmIKKe in cell death deficient (i.e. reaper mutant) background still induced Diap1 instability and apoptosis [9] . This is a striking finding, as it suggests that control of Diap1 stability and thus caspase activation in Drosophila occurs through distinct pathways, including the classical apoptotic pathway and as well as by IKKe signaling.
DmIKKe Controls Diap1 in a Non-Apoptotic Setting Despite the fact that overexpression of DmIKKe induces a strong apoptotic phenotype, developmental cell death appears to be unaffected in DmIKKe mutants or in response to inactivation by RNAi [9] . However, these studies need to be reinvestigated as the RNAi approach used can often cause hypomorphic effects, and the maternal contribution was not removed for the embryonic analysis of DmIKKe mutants. Nevertheless, under normal developmental conditions, DmIKKe seems to control Diap1 protein levels and thus caspase activity not for the purpose of apoptosis induction, but instead in a much more subtle way for a non-apoptotic function of caspases. This conclusion was substantiated using a sensitive caspase reporter which demonstrated that DmIKKe modulates caspase activity only mildly [9] . Non-apoptotic functions of caspases have been reported previously, including sperm individualization [12, 13] , border cell migration [14] , neural stem cell differentiation [15] , erythrocyte, keratinocyte and lens differentiation, as well as T-cell and B-cell proliferation [16] . However, conceptually it is still difficult to conceive how caspase activation in some settings induces apoptosis, while in others it does not. The report by Kuranaga et al. [9] suggests that DmIKKe may provide a checkpoint for apoptotic versus non-apoptotic activity of caspases.
DmIKKe Regulates the Actin Cytoskeleton Which non-apoptotic cellular process is influenced by DmIKKe and Diap1? Clues to answer this question came from the second study published in this issue of Current Biology. Oshima et al. [10] identified DmIKKe in a misexpression screen for regulators of epithelial morphogenesis of the tracheal system. Overexpression of DmIKKe in the tracheal system does not induce apoptosis, but instead disrupts F-actin dynamics resulting in loss of epithelial integrity. A convenient model to study actin dynamics are bristles which are constructed with rings of membrane-attached, cross-linked actin bundles. Consistently, the loss-of-function phenotype of DmIKKe mutants in sensory bristles resembles the phenotype of actin-regulatory mutants (Profilin, b-subunit of capping protein) or of bristles treated with F-actin inhibitors, suggesting that DmIKKe regulates F-actin assembly [10] . Dominant negative DmIKKe also enhanced the overexpression phenotype of Profilin, further supporting the notion that DmIKKe regulates F-actin dynamics [10] . In addition, ectopic sites of actin polymerization in the ooplasm of DmIKKe mutants were observed [8] . In conclusion, the actin cytoskeleton is disrupted in DmIKKe mutants.
The link to Diap1 in this study was established by analyzing the antennal arista phenotype. RNAi inactivation of DmIKKe causes excessive branching of the arista [10] as has also been observed in hid mutants [17] , another pro-apoptotic gene similar to reaper [11] . Interestingly, diap1 mutants display the opposite, i.e. branchless or thread, phenotype of the arista [17] . These observations suggest that DmIKKe and Diap1 have opposing functions for arista morphogenesis. Consistently, the excessive branching phenotype of dominant negative DmIKKe was suppressed by inactivation of Diap1 and enhanced by overexpression of Diap1, confirming the negative relationship between DmIKKe and Diap1 [10] . Diap1 has previously been shown to promote border cell migration in an apparently non-apoptotic function through stimulation of actin polymerization [14] . In line with this, overexpression of DmIKKe prevents border cell migration without inducing apoptosis [10] , further suggesting that IKKe through its effect on Diap1 could result in decreased actin polymerization.
Interestingly, reduction of the activity of Dronc, an initiator caspase controlled by Diap1, enhanced the antennal arista phenotype caused by DmIKKe, while inhibition of effector caspases had no effect on arista morphology [10] . These observations imply that the non-apoptopic activity of Diap1 is mediated by the initiator caspase Dronc, but not by apoptotic effector caspases. Somehow, in a manner that is not well understood, DmIKKe modulates the activity of Dronc via Diap1, such that Dronc regulates F-actin polymerization in a non-apoptotic manner.
DmIKKe Is Not the Cactus Kinase But Is Involved in mRNA Localization
The third report by Shapiro and Anderson [8] attempted to identify DmIKKe as the Cactus kinase. Cactus is the only IkB protein in Drosophila and its phosphorylation is required for degradation [4] [5] [6] . However, the kinase responsible has not been identified. Because DmIKKb is not involved in Cactus inactivation (see below), DmIKKe was a good candidate. In addition to innate immunity, Cactus also controls dorsoventral polarity of the Drosophila embryo, and mutations in the Cactus kinase would be expected to cause a dorsalized phenotype [8] . However, DmIKKe mutations cause the opposite ventralized phenotype, ruling out DmIKKe as the Cactus kinase. In addition, embryos from homozygous DmIKKe mothers show a bicaudal phenotype, i.e. a lack of anterior structures and a duplication of posterior ones [8] . This combination of ventralized and bicaudal phenotypes is indicative of abnormal mRNA localization in the developing oocyte. During oogenesis, the correct localization of a number of mRNAs is critical for the development of the embryo. For example, during mid-oogenesis oskar mRNA localizes to the posterior pole, and gurken mRNA to the anterior dorsal corner of the developing oocyte. In DmIKKe mutant oocytes, oskar mRNA is localized at both the anterior and posterior poles, thus causing the bicaudal phenotype. Although gurken mRNA was localized to the anterior margin of the oocyte, it was not concentrated dorsally, thus explaining the ventralized phenotype [8] . These findings suggest that DmIKKe is required for the localization of specific mRNAs during oogenesis.
Correct localization of these mRNAs depends on microtubules and microtubule motors, most notably dynein and kinesin. Subsequent analysis showed that mRNA mis-localization in DmIKKe mutant oocytes is associated with defects in dynein-mediated, minus-end-directed transport processes during mid-oogenesis [8] . Kinesin function is also disturbed in DmIKKe oocytes; however, this appears to be secondary to dynein disruption [8] . Therefore, the abnormal mRNA localization in DmIKKe mutant oocytes can be attributed to defects in organization of microtubule minus-ends giving rise to ventralized and bicaudal phenotypes of DmIKKe mutant embryos [8] .
Intersection between IKK and Caspase Pathways in Drosophila
The reports discussed above demonstrate that DmIKKe links the NF-kB and caspase pathways in a non-apoptotic manner. This is already the second example of such an intersection. The Drosophila caspase Dredd, a caspase-8 homolog, is not involved in apoptosis, but instead in the activation of the NF-kB-like protein Relish [7] . Relish is produced as a p100/p105 NF-kB-like precursor protein that needs to be cleaved for activation. In response to bacterial infection, DmIKKb, the other Drosophila IKK, phosphorylates Relish [18] . Phosphorylated Relish is then the target of proteolytic cleavage by Dredd for activation [7] . It thus appears that during evolution IKKs have recruited various caspases (Dredd, Dronc) for non-apoptotic functions.
Future Directions
All of the mentioned studies revealed that DmIKKe governs basic aspects of both actin cytoskeleton and microtubule organization. The control of actin polymerization appears to be mediated by a non-apoptotic function of Diap1 and the caspase Dronc. It will be exciting to determine whether Diap1 and Dronc also control microtubule organization, or whether this is a distinct function of DmIKKe. In this context, it is interesting to note that mutations in spn-F, which encodes a novel protein, cause exactly the same phenotype as DmIKKe [19] . Spn-F associates with microtubule minus-ends, and DmIKKe and Spn-F have been shown to interact in yeast. Thus, Spn-F may be a regulatory target of DmIKKe in microtubule organization.
IKK proteins are important components of NF-kB signaling. Although a role of DmIKKe as Cactus kinase in dorsoventral patterning of the embryo has been excluded, none of the discussed reports -surprisingly -actually has addressed whether DmIKKe has a role in the immune response in Drosophila. This is still an open question. The genetic studies in Drosophila discussed here provide strong evidence for an NF-kB-independent function of IKKs, most notable IKKe. The observation that human TBK1/NAK/T2K controls protein levels of XIAP suggest that the NF-kB-independent function is conserved. Future work will determine whether the mammalian proteins control actin and microtubule dynamics in a similar manner as their Drosophila counterpart.
